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Abstract. There is an important connection between the low energy
theorems of QCD and the energy dependence of the ∆ resonance in pi-N
scattering, as well as the closely related γ∗N → Npi reaction. The resonance
shape is due not only to the strong pi-N interaction in the p wave but
the small interaction in the s wave; the latter is due to spontaneous chiral
symmetry breaking in QCD (i.e. the Nambu-Goldstone nature of the pion).
A brief overview of experimental tests of chiral perturbation theory and
chiral based models is presented.
1 Introduction
Since the discovery of the ∆ resonance1 (the first excited state of the nucleon)
by Fermi’s group[2] it has been well known that it dominates low energy piN
scattering and the closely related γ∗N → piN reaction. In the intervening years
there has been a great deal of experimental and theoretical activity in this clas-
sical field of piN physics. This is central to our understanding of nuclei (the
nucleon-nucleon potential) and of the long range properties of hadrons through
their virtual emission and absorption of pions. In this article we shall stress the
less well known relationship between the spontaneous hiding of chiral symmetry
in QCD, its subsequent low energy theorems, and the energy dependence of the
∆ resonance. A brief overview of low energy piN physics is presented with an
emphasis on electromagnetic pion production. It is shown that theoretical cal-
culations based on spontaneous chiral symmetry hiding economically summarize
the wealth of accurate data that have been taken in the past two decades[3, 4, 5].
We present this as a tribute to S. N. Yang who has been a leader in using a chiral
1The modern values for the ∆ are I(Jp)=3/2(3/2+), center of mass energy W = 1232 MeV,
width Γ =118 MeV[1].
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based pion cloud model (the Dubna-Mainz-Taipei or DMT model[6]) to success-
fully predict the observables in these low energy reactions.
The QCD Lagrangian can be written as a sum of two terms, L0 which is
independent of the lightest quark masses (up, down) and Lm which contains
the masses of the two light quarks[7]. Consider the chiral limit in which the light
quark masses mq → 0. As is well known, the vector current is conserved while the
axial vector current is conserved only in the chiral limit (i.e.mq → 0) and slightly
non-conserved in the real world. This is one of the approximate symmetries of
QCD on which chiral perturbation theory (ChPT) is based[3, 4, 7]. Despite the
fact that the light quark mass independent part of the QCD Lagrangian, L0, has
chiral symmetry, matter does not seem to obey the rules. The chiral symmetry is
expected to show up by the parity doubling of all hadronic states: i.e., the proton
with jp = 1/2+ would have a 1/2− partner (the Wigner-Weyl manifestation of
the symmetry). Clearly, this is not the case. This indicates that the symmetry is
spontaneously hidden (often stated as spontaneously broken) and is manifested in
the Nambu-Goldstone mode; the parity doubling occurs through the appearance
of a massless pseudo scalar (0−) meson. The opposite parity partner of the proton
is a proton and a “massless pion” (Goldstone Boson). The consequence of this
for the piN interaction in momentum space is:
VpiN = gpiNσ · ppi (1)
where σ is the nucleon spin and ppi is the pion momentum. In accordance with
Goldstone’s theorem, this interaction → 0 as the pion momentum→ 0. Further-
more, the coupling constant gpiN can be computed from the Goldberger-Treiman
relation[7] and chiral corrections[8] and is accurate to the few % level. The piN
interaction is very weak in the s wave and strong in the p wave which leads to the
∆ resonance, the tensor force between nucleons, and to long range non-spherical
virtual pionic contributions to hadronic structure. These salient features of the
piN interaction have been known for decades and can be found in most text-
books on nuclear physics. However, they are usually based on empirical findings
such as the pseudoscalar nature of the pion and on the empirically determined
coupling constant gpiN . What is different in this presentation is the fact that it
is based on QCD and that these empirical findings are in fact predicted by the
considerations of spontaneous chiral symmetry hiding in QCD.
Equation (1) shows that the cross sections for piN scattering must go to zero
at low energies in the chiral limit. This was first derived before the advent of QCD
using current algebra (now recognized as the lowest order chiral perturbation
theory (ChPT) calculation O(p2)) for a(pi, h), the s wave pi hadron scattering
length[9]. The result is aI(pi, h) = −Ipi · Ihmpi/(ΛxFpi) where I = Ipi + Ih is
the total isospin, Ipi and Ih are the isospin of the pion and hadron respectively,
Fpi is the pion decay constant, and Λx = 4piFpi ≃ 1 GeV is the chiral symmetry
breaking scale[9]. Note that a(pi, h)→ 0 in the chiral limit, mpi → 0, as it must to
obey Goldstone’s theorem. Also note that a(pi, h) ≃ 1/Λx ≃ 0.1 fm, which is small
compared to a typical strong interaction scattering length of ≃ 1 fm. This small
scattering length is obtained from the explicit chiral symmetry breaking due to
the finite quark masses. The predictions of ChPT for piN scattering lengths have
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been verified in detail in a beautiful series of experiments on pionic hydrogen
and deuterium at PSI[10].
Low energy electromagnetic production of Goldstone Bosons is as fundamen-
tal as Goldstone Boson scattering for two reasons: 1) the production amplitudes
vanish in the chiral limit (as in scattering); and 2) the phase of the produc-
tion amplitude is linked to scattering in the final state by unitarity or the final
state interaction (Fermi-Watson) theorem suitably modified to take the up, down
quark masses into account[11]. First consider the low energy limit of the electric
dipole E0+ for s wave photo-pion production[12]:
E0+(γp→ pi0p) = −D0µ(1 +O(µ) + ..)→ 0
E0+(γp→ pi+n) =
√
2D0/(1 + µ+ ...)
3/2 →
√
2D0
µ = mpi/M → 0
D0 = e · gpiN/8piM = 24 · 10−3(1/mpi)
(2)
where M is the nucleon mass and the right arrow denotes the chiral limit
(mu,md,mpi → 0). Equation (2) shows that for neutral pion production the
amplitude vanishes in the chiral limit. For charged pion production, there is a
different low energy theorem[12]. Therefore, the amplitude that is most sensitive
to explicit chiral symmetry breaking is neutral pion production and most of the
modern experiments have concentrated on this channel. In general, ChPT to
one loop calculated in the heavy Fermion approximation has been highly suc-
cessful in calculating the observed cross sections and linearly polarized photon
asymmetry[12].
2 piN and γN → piN Experiments
2.1 Energy Dependence of the ∆ Resonance
The application of the ideas of the previous section to data from low energy piN
scattering and electromagnetic pion production from the nucleon is instructive.
In this section we shall take a broad view of the energy dependence of the piN
interaction from threshold through the ∆ resonance as revealed by total cross
section data (amplifying a brief previous presentation[5]). Figure 1 shows the
total cross sections for pi+/−p scattering[13]. These reactions have a strong ∆
resonance. As expected, the pi+p cross section goes to zero near threshold. The
small, but not zero, cross section for pi−p scattering near threshold is due to
Coulomb effects. These two cross sections clearly show the ∆ resonance without
any interference (the small shift between them is due to the mass difference of the
∆0 and ∆+). Indeed these cross sections are a textbook example of an isolated
resonance. Although not usually mentioned in textbooks it is the combination
of a strong resonance and a small cross section at threshold that produces this
beautiful example (as predicted by chiral dynamics)! This can be verified experi-
mentally in the case of photo-pion production shown in Fig. 2. If we consider the
γp→ pi0p reaction, the cross section near threshold goes to zero as indicated by
Eq. (2) and the ∆ resonance looks very similar to piN scattering. On the other
hand, for the γp → pi+n reaction there is strong s wave production starting at
threshold, due to the Kroll-Ruderman low energy theorem (see Eq. (2)). In this
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Figure 1. The total cross section for piN scattering at low energies as a function of W , the
center of mass energy, through the ∆ resonance. Left panel: pi+p scattering. Right panel: pi−p
scattering. The data and the fits are from the SAID compilation[13].
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Figure 2. The γp → piN cross sections as a function of W , the center of mass energy, from
threshold through the ∆ region. Left panel: γp → pi0p. Right panel: γp → pi+n. The data are
from the SAID compilation[13] and the curves represent the results of the DMT[6] and MAID
models[14].
case the ∆ resonance curve is superimposed on the strong s wave amplitude and
looks quite different!
From Figure 2 we see that the two model curves are in good agreement with
the data. These are the phenomenological MAID[14] and the pion cloud DMT
(Dubna-Mainz-Taipei)[6] models, in which S. N. Yang plays a major role. The
reason for this good agreement with experiment is that both models have the low
energy theorems of QCD as well as an accurate description of the ∆ resonance.
The energy dependence of the∆ resonance can also be seen very clearly in the
δ33 (I = J = 3/2) phase shift in piN scattering and in the M1+(I = 3/2) for the
γ∗N → piN reaction (for the notation see [15, 16]). These have the advantage that
they show the resonance directly. Since the observables are bilinear combinations
of the transition matrix elements neither the phase shifts nor multipoles are
directly observable. In general they have been extracted from experiment by
A.M.Bernstein 5
W [MeV]
1100 1150 1200 1250 1300 1350
| [d
eg
]
33δ|
0
20
40
60
80
100
120
140
SAID
SAID single energy values
|33δ|
W [MeV]
1100 1150 1200 1250 1300 1350
]
+
pi
/m
-
3
(3/
2)|
 [1
0
1+
|M
0
5
10
15
20
25
30
35
40
SAID single energy
DMT
MAID2007
(3/2)|1+|M
Figure 3. Left panel: The δ33 phase shift for piN scattering versusW , the center of mass energy,
from threshold through the ∆ resonance. The points are the SAID single energy fits to the data
and the curve is the smooth energy dependent fit[13]. Right panel: The absolute value of the
resonant M1+(I = 3/2) multipole for the γp → piN reaction as a function of W . The points
are from the SAID single energy analysis[13] and the curves are the results of the DMT[6] and
MAID[14] models.
model dependent methods. In this case, where we are exhibiting the dominant
amplitudes, the model errors are believed to be small. In Figure 3 we present these
quantities from the SAID analysis[13]. It can be seen that δ33 for piN scattering
passes through 90◦ in the upwards direction atW = 1232 MeV which defines the
∆ resonance position. The width comes from a Breit-Wigner fit to the energy
dependence. The magnitude of the resonant M1+(I = 3/2) amplitude for the
γN → piN reaction is also shown in Fig. 3. It also defines the same position and
width for the ∆ as does piN scattering. It can also be seen that the MAID[14] and
SAID[13] models are in good agreement with this dominant photo-pion resonant
amplitude.
2.2 Tests of Theoretical Calculations
In this section we give a brief overview of the present status of experimental tests
of chiral perturbation theory (ChPT) and pion cloud model calculations of the
electromagnetic pion production for the threshold and ∆ regions.
A great deal of effort has gone into the study of the near threshold γp →
pi0p reaction experimentally at Mainz[17] and Saskatoon[18] and with ChPT
calculations[12]. The unpolarized cross sections were accurately measured and,
despite their small size, the results from Mainz and Saskatoon are in reasonable
agreement. The experiments were performed using tagged photons for energies
between threshold (144.7 MeV) and 166 MeV. For the Mainz data there were
sufficient statistics to bin the cross section data in ≃ 1 MeV steps. The ChPT
calculations[12] have proven to be quite accurate in fitting the cross sections with
only five empirical low energy constants at O(p4)2. In addition, the polarized
2Due to correlations in the fitting there are effectively only three independent low energy pa-
rameters.
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linear photon asymmetry Σ was also measured at Mainz. Here the statistics
only allowed us to group the data from threshold to 166 MeV in one cross section
averaged energy bin of 159.5 MeV[17]. The results are shown in Fig. 4. Here the
improvement in the O(p4) ChPT calculation over the O(p3) version is seen. This
is obtained by fitting the data using the additional low energy constants that
appear at O(p4). This is an indication of how sensitive this observable is to the
small p wave multipoles. Another indication of this is that the dispersion theory
calculation, which does agree with the unpolarized cross section data, does not
agree with Σ. This is probably due to a small discrepancy in the M1− multipole
which is not well constrained by the other data on which this calculation is
based. More recent data taken at Mainz are anticipated to produce five values
of Σ between threshold and 168 MeV[19].
Most of the dynamical models do not accurately predict cross sections for
the near threshold γp→ pi0p reaction. The exception to this is the DMT model
which has accurately predicted the observed cross sections[20, 6]. However, it
does not accurately predict the polarized photon asymmetry Σ. Again, as a sign
of the extreme sensitivity of this observable, when they arbitrarily reduce their
M1− amplitude by 15% they have agreement with the observed value of Σ shown
in Fig. 4. However the prediction of this amplitude is not as robust due to the tail
of the Roper resonance, vector meson effects, and final state interactions[20, 6].
Having discussed the comparison between the calculations and experiment it
is of interest to look at the major ingredients of the ChPT[12] and DMT[6, 20] cal-
culations. ChPT employs chiral symmetric Lagrangians with explicit chiral sym-
metry broken by the quark mass terms. It is an order by order expansion in which
unitarity is restored as the order increases. For example, at the tree level unitar-
ity is completely absent, but is mostly restored by the one loop calculations[12].
It is gauge invariant and preserves crossing symmetry. By contrast the DMT
model has chiral symmetry in the Lagrangian and is unitary to all orders: it uses
a pion cloud model for the piN t matrix which gives good agreement with the piN
phase shifts[21]. It enforces gauge invariance but violates crossing symmetry.
A sensitive way to compare theory and experiment is at the level of the mul-
tipoles. Since the observables are bilinear combinations of the multipoles[16] this
process is often model dependent. However, in the case of near threshold photo-
pion production an approximate, but reasonably accurate, model independent
multipole extraction is possible. This is because there are only five real numbers
to extract from the experiments (see e.g. [22] for a more detailed discussion).
These are the s wave electric dipole amplitude E0+ which is complex, and three
p wave amplitudes which are approximately real numbers in this energy region.
Due to the low energy theorems of QCD[12] (see Eq. (2)) the p wave amplitudes
tend to dominate even relatively close to threshold. The real part of the s wave
electric dipole amplitude ReE0+ is extracted from the data using the interfer-
ence between s and p waves which goes as cos(θpi) in the differential cross section
and leads to significant errors. The results for ReE0+ versus photon energy are
plotted in Fig. 4. There is reasonable agreement between the Mainz and Saska-
toon points as well as with ChPT[12] and the unitary model calculations[22].
The sharp downturn in ReE0+ between the threshold at 144.7 MeV and the pi
+n
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threshold at 151.4 MeV is due to a unitary cusp caused by the interference be-
tween the γp → pi0p and γp → pi+n channels[11]. The magnitude of the cusp is
β = ReE0+(γp → pi+n) · acex(pi+n → pi0p) which is measured to an accuracy of
≃ 30% from the data shown[22]. The reason for this accuracy limitation is due
to the fact that in addition to the experimental errors in ReE0+, this quantity
is a sum of a (not precisely known) smooth function and a more rapidly varying
cusp[11, 22]. Therefore it is important to measure ImE0+ which starts from close
to zero at the pi+n threshold energy and rises rapidly as βppi+ . This makes the
extraction of β as accurate as the measured asymmetry for pi0 photoproduction
from a polarized target normal to the reaction plane. We are planning to conduct
future experiments at HIγS, a new photon source being constructed at Duke[23].
These experiments will have full photon and target polarization and will be a
significant extension of the results we have at present. The estimated error for
such an experiment running at HIγS for ≃ 200 hours of anticipated operation
of the accelerator per data point is presented in Fig. 4 for ReE0+. There are
equally small error bars estimated for the asymmetry measurement for unpolar-
ized photons and a transversely polarized proton target. This experiment will
allow us to extract ImE0+. Combining this with an independent measurement of
the γp→ pi+n cross section will allow us to extract β at the few % level and mea-
sure the charge exchange scattering length acex(pi
+n → pi0p) for the first time.
We will be able to compare this to the measured value of acex(pi
−p → pi0n)[10]
as an isospin conservation test. This illustrates the power of photo-pion reac-
tion studies with transversely polarized targets to measure piN phase shifts in
completely neutral charge channels which are not accessible to pion beam exper-
iments! This is potentially valuable to help pin down experimentally the value
of the piN − σ term which has had a long, difficult measurement history.
Although ChPT has been extremely successful in predicting the cross sections
and the linearly polarized photon asymmetry in the γp→ pi0p reaction there is a
significant discrepancy with the ep→ e′ppi0 reaction data at Q2 = 0.05 GeV2/c2
taken at Mainz[25] shown in Fig. 5. It can be seen that the ChPT calculations[26]
do not agree with the data although the DMT dynamical model does[20, 6]. This
discrepancy is a potentially serious problem for ChPT which needs to be resolved.
The reason is that the present calculations are O(p3) and it has been shown that
to obtain agreement with the photo-pion data O(p4) calculations are needed.
The photo- and electro-pion γ∗p → ∆ reactions have been extensively used
to study non-spherical amplitudes (shape) in the nucleon and ∆ structure[27,
28, 29]. This is studied by measuring the electric and Coulomb quadrupole
amplitudes (E2,C2) in the predominantly magnetic dipole, quark spin flip
(M1) γ∗N → ∆ amplitude. At low Q2 the non-spherical pion cloud is a
major contributor to this (for a review see[27, 28, 29]). Figure 6 shows the
Bates data[30] for the transverse-longitudinal interference cross section σLT at
Q2 = 0.127 GeV2/c2[30]. This partial cross section is particularly sensitive to
the Coulomb quadrupole C2 γ∗N → ∆ amplitude. This figure shows our best
estimate of the difference between the electro-excitation ∆ for the spherical case
(the relatively flat, dark grey band) and the fit to the data which shows the
C2 magnitude[31, 32, 33]. The magnitude and Q2 evolution of the Coulomb
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Figure 4. The γp→ pi0p reaction. Left panel: Polarized photon asymmetry Σ versus angle at
an average photon energy of 159.5 MeV[17]. The solid (red) curve is ChPT, O(p3), the dotted
(blue) curve is ChPT, O(p4)[12]. The dashed (green) curve is from dispersion theory[24]. Right
panel: ReE0+[15] versus photon energy. The data points are from Mainz[17] and Saskatoon[18].
The curves are from ChPT[12] and a unitary fit to the data[11]. The two projected points from
HIγS are plotted at an arbitrary value (ReE0+ = -1) to show the anticipated statistical errors
for 200 hours of running time per point. See text for discussion.
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quadrupole amplitude indicates that the quark models do not agree with exper-
iment, but that models with pionic degrees of freedom do[6, 34], demonstrating
that the crucial ingredient in the non-spherical amplitude at long range is the
pion cloud. More recently there have been chiral-effective field theory calculations
of this process[35, 36] which reinforce this observation. As was stated earlier, the
presence of long range pionic effects in the non-spherical nucleon and ∆ am-
plitudes is expected due to the spontaneous hiding of chiral symmetry and the
associated p wave pion-nucleon interaction (see Eq. (1)).
3 Conclusions
We have shown that the classical isolated ∆ resonance energy dependence (which
is well known to be a p wave resonance) also depends on the weakness of the
s wave amplitude. This behavior is expected on the basis of the spontaneous
hiding of chiral symmetry in QCD: it is observed in the total cross sections for
pi+/−p scattering and in the γp → pi0p reactions. It was shown that in the case
of the γp→ pi+n reaction, where the Kroll-Ruderman theorem leads to a strong
s wave production at threshold, that the energy dependence of the ∆ resonance
appears quite different.
In the well studied, near threshold γ∗p → pi0p reaction the agreement be-
tween O(p4) ChPT calculations and experiment is excellent for the photon data
but not so good for electroproduction at Q2 = 0.05 GeV2/c2 where the cal-
culations have only been carried out to O(p3), indicating that further work is
required. The pion cloud DMT model gives a reasonable description of all of the
data. We have also mentioned further experiments which will test the theories
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in a more stringent fashion. These include photo-pion production experiments
with transversely polarized targets which have the potential to measure piN scat-
tering in previously unexplored charge states (pi0n elastic scattering and charge
exchange). If these can be performed with sufficient accuracy they will subject
the theory to stringent tests. In addition, isospin conservation can be checked in
a new way.
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